Introduction
Antimicrobial resistance is a grand global challenge that is reducing the success and increasing the cost of treating infections. As with many complex problems, there are many stakeholders in resistance -patients, prescribers and dispensers are often cited. 1 However, much less visible but high on the list are those stakeholders that develop and deploy diagnostic tests. Diagnostic testing is key to resistance containment and may in fact be the most important tool for increasing appropriate access to antimicrobials while simultaneously containing resistance. 2, 3 When appropriate tests are judiciously used within the context of an effective laboratory system, they lower selective pressure for resistance by promoting targeted and rational use of antimicrobials. They also lower drug and healthcare costs and can identify treatment failure caused by resistance, thereby unveiling the nature and scope of resistance and preventing its spread. 4, 5 Laboratory systems and laboratory professionals are key to identifying, mapping, quantifying and communicating about resistance. Patients with resistant infections can only be effectively and efficiently managed with laboratory support. The definitive evidence that resistance is a problem, as well as the fine description of the problem, comes from laboratories. 6 Most critically, attempts to treat infections or presumed infections without laboratory input drive resistance by increasing unwarranted antimicrobial use, which is a needless selective pressure for resistant strains. Infectious patients, treated without laboratory support, are also more likely to remain infectious for longer and therefore spread their diseases. Laboratory system strengthening for resistance containment is needed everywhere on the globe, but particularly in African countries, where infection is the leading cause of disease and death.
It is now universally acknowledged, within and outside the scientific community, that deliberate and forceful steps across different sectors must be taken to contain resistance. The recent World Health Organization (WHO) global action plan on antimicrobial resistance 7 outlines five strategic objectives for resistance containment, as follows:
1. Improve awareness and understanding of antimicrobial resistance through effective communication, education and training.
Introduction:
As crucial as clinical laboratories are to preventing, identifying and managing resistance problems, laboratory scientists are among the most overlooked stakeholders. This review outlines the contributions that diagnostic laboratory systems should make toward all five of the World Health Organization's 2015 strategic objectives for antimicrobial resistance containment.
2. Strengthen the knowledge and evidence base through surveillance and research. 3. Reduce the incidence of infection through effective sanitation, hygiene and infection prevention measures. 4 . Optimise the use of antimicrobial medicines in human and animal health. 5. Develop the economic case for sustainable investment that takes account of the needs of all countries, and increase investment in new medicines, diagnostic tools, vaccines and other interventions.
Most readers of the plan will appreciate that clinical laboratories and laboratory professionals will lead the second objective of surveillance and research. However, even though their role toward goals are less prominent, as summarised in Table 1 , laboratory systems are essential for meeting every one of these objectives, as discussed below.
Objective 1: Improve awareness and understanding
Dissemination of information about antimicrobial resistance is key to effecting the behavioural change necessary to contain resistance. 8 Communications from laboratorians are easily evidence-based. Diagnostic laboratory professionals in general, and microbiologists in particular, are in an excellent position to disseminate information on antimicrobial resistance to health professionals and the general public. Resistance is a health problem but is also a microbiological phenomenon brought about by the genetic change and selective pressure from antibiotics. Resistant organisms circulate among humans but also in other domesticated and wild animal species, as well as in the environment. Microbiologists can and should highlight the mechanisms by which resistance evolves and spreads and how these connect to risk factors for resistant infections in both humans and animals. Some microbiologists have played a pivotal role in public engagement projects and educational initiatives to drive home the message that antimicrobials must be conserved. 8, 9 For example, the UK Microbiology Society focused one issue of its comic, 'Marvellous Microbes', on antimicrobial resistance. 10 Microbiologists and other scientists need to do more to communicate the urgency of the problem as well as the pivotal contributions that laboratories make to contain it. This is particularly true in Africa, where much of the general public and a significant proportion of health professionals have very little awareness of what diagnostic laboratories actually do, or of the biological basis for antimicrobial resistance.
Objective 2: Strengthen the knowledge and evidence base through surveillance and research
Resistant strains are identified by antimicrobial susceptibility testing
Antimicrobial susceptibility testing by minimum inhibitory concentration (MIC) measurement or disc diffusion is the gold standard for identifying resistance. 11, 12 For bacteria, once a laboratory is capable of isolating and identifying pathogens from clinical specimens, very few additional resources are needed to obtain a susceptibility profile. MICs are measured in a broth dilution assay or on solid media by agar dilution. 13 To obtain MICs, standardised test and control cultures are inoculated into or onto media containing different dilutions of antimicrobial agent. For diagnostic testing, doubling dilutions are the most commonly-used format, although any geometric or arithmetic progression can be used to broaden the test range or increase precision. The MIC is the minimum concentration preventing growth under test conditions. Media composition, incubation temperature, inoculum size and quality, antibiotic format and incubation time can all affect the MIC and must be standardised.
Disc tests are the most commonly-used methods of bacterial susceptibility testing worldwide. They are simple and Optimise the use of antimicrobial medicines in human and animal health Allow for broad-spectrum regimen to be replaced with narrow spectrum drugs, thereby reducing the risk of antibiotic-associated infections.
Promote the application of surveillance data to national and regional drug policy.
Develop the economic case for sustainable investment that takes account of the needs of all countries, and increase investment in new medicines, diagnostic tools, vaccines and other interventions
Reduce drug costs by allowing the cheapest effective drug to be selected rationally.
Allow the true cost of resistance to be computed and tracked.
Provide economic evidence to support the replacement of antimicrobial drug use with vaccine and other preventive strategies.
AMR, antimicrobial resistance.
reproducible tests that determine whether a bacterial isolate is sensitive or resistant to a given drug or drug class. Standard discs containing specific concentrations of each antibacterial are placed on a calibrated lawn of bacteria. After incubation, a clear zone of no growth appears if the concentration of antibiotic around the disc is greater than the MIC. As the concentration of antibiotic in the medium decreases with distance of diffusion through the agar from the disc, the level of resistance is inversely proportional to the diameter of the clear zone of inhibition. Diffusion kinetics of the antibacterial in the test medium are also determinants of zone size, therefore test standardisation is key. Earlier challenges with reproducibility have been overcome by standardising methodologies and interpretations and by using commerciallyavailable media, discs and inoculum standardisation tools. 14, 15 Thus today, disc diffusion tests are straightforward protocols that are easy to quality assure. If diffusion from a calibrated strip containing graded concentration of antibiotic, rather than a circular disc, an MIC can be obtained by a diffusion protocol. MIC strips are a somewhat costly but cost-effective and simple way to obtain an MIC, particularly in laboratories that are set up for disc testing.
The resistance crisis makes it impossible to continue to argue that antibiotic susceptibility testing is superfluous, a point that was made in many venues, even by experts, as recently as a decade ago. 16, 17 However, a common misconception in some parts of Africa is that antibacterial susceptibility testing is a reference laboratory-level technique. Susceptibility testing is best supported from central facilities and requires external quality assurance, but susceptibility testing of aerobic bacteria is designed to be performed at routine microbiology laboratories with minimal bacteriology facilities. 18 The closer the site for culture and susceptibility testing is to the patient and the provider, the greater the chance that it will impact care for that specific patient and affect empiric prescribing at the relevant facility. Disc diffusion tests in particular are robust, reproducible and capacity can easily be built. 19 Disc diffusion tests can even be rigorously performed in field laboratories equipped with a portable autoclave and a small incubator. Compiling and disseminating facility-level data, in the process of providing prescribers with a valuable tool for resistance control, can also help to garner the support of clinicians for laboratory services. Simple software, such as WHONET, 20, 21 can be used at the facility level to aggregate and analyse susceptibility data and have the added advantage of allowing these data to be forwarded to and integrated with national, regional and global surveillance data. WHONET will run on the most basic of computers, independent of platform, and capacity to enter, retrieve and analyse data can be built with ease. The software is available free, can be used on-or off-line, and the WHO collaborating centre for antimicrobial resistance provides free technical support.
A 'can do' narrative is essential for extending access to antibacterial susceptibility testing in Africa. In decades past, the perception that actual 'high-tech' methods, such as flow cytometry for CD4+ counts and molecular tests for viral load, were highly specialised, caused reservations about appropriately deploying HIV-management plans, including antiretroviral therapy in Africa. With carefully thought-out programmes that built capacity in parallel with infrastructure, many more patients than was originally envisaged are today able to access these services at the point of care. In Western countries, laboratories below the level of those that offer diagnostic support for highly-active antiretroviral therapy provide routine susceptibility testing, and the same is true historically of many African facilities that no longer offer testing today. Similar stories have unfolded around multidrug tuberculosis and malaria, for which the impracticability and long duration of testing has led to the development of rapid molecular Xpert ® tests and rapid diagnostic tests, respectively, providing many patients today with rapid diagnosis at the point of care. 22, 23 For HIV, tuberculosis and malaria, new technologies had to be developed and deployed to provide testing options in Africa. Antibacterial susceptibility testing, the much lesser challenge, based on much older methodology, has been less successfully rolled out to African patients and its neglect has important consequences for the delivery of care and resistance containment. 4 Antibacterial susceptibility testing uses basic techniques that can and should be offered by a secondary or even primary care level laboratory with minimal microbiology resources. They are methods that any medical laboratory scientist with microbiology training can perform. The required equipment is small, robust and inexpensive and the costs of consumables and quality assurance are not high.
Determining the aetiology of infections contains resistance
Bacterial infections can be life-threatening and while antibiotic use has a huge societal cost, most antibacterials are devoid of serious side effects. For these reasons, a significant number of people receive an antimicrobial prescription 'just in case'. As soon as it can be shown that a patient's signs and symptoms do not emanate from a bacterial infection, antibiotics can be withheld with confidence. Spot tests for viral causes of childhood diarrhoea and acute upper respiratory tract infection reduce unnecessary empiric use in those conditions. Simple point-ofcare Streptococcal (Strep) throat swab tests have reduced antibiotic use in many parts of the world, because antibiotics are only ordered if the test is positive. 24, 25 For tests available in rapid point-of-care formats, results are available before initial therapy is begun and therefore unnecessary causes of empiric therapy can be prevented. In veterinary infections, point-of-care tests that delineate diarrhoea of bacterial aetiology from viral infections can be used on a farm to make an informed decision on the necessity for antibiotics. 4 Rapid point-of-care tests have not been as effective as they might be because patients and their providers often disregard the results and administer antibiotics when these tests suggest that they are not necessary. 26 Point-of-care testing may also be viewed as burdensome and even undermine care when it uncovers the fact that available therapies may not be effective choices. 27 Nonetheless, testing and surveillance are essential for revealing inadequacies to policymakers as well as informing available options. Point-of-care tests, in particular, are exceptionally valuable in settings where the patient cannot easily return for follow-up, as is typical for many African health systems. 4, 28 Laboratory professionals have a key role to play in educating stakeholders and building their confidence in tests that optimise patient treatment and conserve antimicrobials. Going forward, development and deployment of multiplex tests that could help detect or rule out multiple causes of fever, diarrhoea or respiratory distress could further help to optimise antimicrobial use.
Biomarker tests can rapidly narrow differential diagnoses
Culture and susceptibility testing remain the only reliable and affordable option for many clinics. The challenge of slow turnaround time will soon become a problem of the past. Rapid molecular and mass-spectrometry tests have now been developed and are being pre-tested and deployed in clinical laboratories that do not face severe resource limitations. 29, 30, 31 While efforts are underway to increase the sensitivity and specificity of these tests and broaden their access, rapid aetiologic agent tests are only available for a few pathogens and in some cases are too expensive to be used routinely today in African settings. Much-needed multiplex tests are non-existent or rare. This is a pressing need that many African researchers are engaged in addressing but to which much more research activity needs to be devoted. In severe infections of likely bacterial aetiology, antibacterial chemotherapy must be instituted swiftly to avoid unnecessary mortality or death before susceptibility testing results are obtained. For this reason, biomarker tests that provide rapid results and can reliably identify a bacterial infection, then antibacterial therapy is only prescribed when a bacterial infection is present. C-reactive protein and procalcitonin are among useful markers of systemic bacterial infection that are not used, or are underused in Africa. 32, 33, 34 In some cases, the sensitivities, specificities and positive and negative predictive values in African settings have yet to be evaluated making it difficult to advocate for their use. 34 Similarly, markers of invasive diarrhoea, such as lactoferrin, 35, 36 could potentially help restrict excessive use of antibiotics in viral and other self-resolving gastroenteritis and need to be assessed and deployed in African settings.
Surveillance of resistance is critical for qualifying and quantifying the problem, and for informing essential empiric prescribing of medication. To a large extent, the precise magnitude of resistance is not known. However, we know there is a problem and most of what we know about its scope and volume comes from laboratory testing and surveillance, both core functions of a laboratory system. 37 In Europe, for example, where surveillance is routine and has good coverage, there are good estimates of resistance and surveillance data have been used to prevent resistance rises or even bring resistance rates down. 38, 39 By contrast, where systematic surveillance is absent or rare, it is not clear what the major problems are, how big the problems are, or how best to tackle them. Surveillance data are least available from Africa 40 and as such, the resistance problem is largely sketched from research data from small studies and clinical case reports. Those data sources indicate a worrisomely large and growing problem, the cost of which is difficult to estimate. As of 2015, with the absence of surveillance, only a handful of African countries had demonstrated little policy activity or evidenced interest in addressing resistance. 40, 41 In countries where resistance is at the forefront of policy-makers' priorities, some kind of surveillance information is available.
One justification for swiftly and decisively applying appropriate alternate diagnostic tools is the long time that culture and susceptibility testing takes. Severely-ill patients must be treated empirically, so is the cost of tests that will yield results justified? As resistance becomes increasingly common, the justification increases. Surveillance data, if available, becomes less predictive when new resistances emerge. And when initial empiric therapy fails, the only failsafe method to suggest an alternate chemotherapeutic course is to use laboratory testing information. The time to test results by conventional methods is long but, in most cases, it is well within the ideal time to make the necessary switch that could save a patient's life.
Surveillance and laboratory testing are critical
Surveillance and laboratory testing are critical to implementing alternatives to antibiotics that are technological solutions to the resistance problem. Surveillance determines the burden of a given infectious disease as well as the predominant pathogenic subtypes of its aetiological agent. Only with this information can vaccines be developed and deployed. Access to antimicrobial susceptibility testing has to increase, as do ways to integrate representative samples of infection testing into surveillance networks. Only with these developments will susceptibility information be optimally exploited in patient care and antimicrobial conservation. As we work to expand the reach of good testing and build fine surveillance networks, complementary technologies could be brought to bear on this problem. Difficulties with urban traffic and poor rural roads in warm moist tropical countries hamper the use of sentinel laboratories that could collect and process specimens from vast areas. Improving specimen and data transport systems, for example through application of aerial drones to convey specimens (building on an idea from Moses Bangura http:// falling-walls.com/lab/news/Next+Einstein+Forum+sends+A frican+innovator+to+Falling+Walls+Lab+Finale+2016-7409) and mobile phones to return data could change the present situation in which susceptibility data are rarely available from poor countries and rural areas.
Objective 3: Reduce the incidence of infection Laboratory systems are central to infection control
Antimicrobial resistant infections are increasingly hospital acquired. Laboratories can confirm outbreaks and are key to determining what happened and why. Importantly, the data they provide help to prevent the spread of infections within health facilities so that fewer individuals require curative, typically antibiotic-based interventions. Veterinary microbiology laboratories can help contain agricultural outbreaks and prevent infected meat products entering the human food chain.
Surveillance allows for better burden estimates
Laboratory-based surveillance makes important contributions to information that is essential for disease control policy decisions. It was malaria surveillance data that were used to model the impact of antimalarial interventions and which ultimately revealed that the most valuable antimalarial intervention has been insecticide treated bed nets. There is thus rigorous evidence supporting a non-drug preventive strategy with significant impact on one of Africa's most burdensome diseases. Models based on resistance surveillance could provide more insight about bacterial infections and the trajectory for drug resistance and thereby inform disease and resistance control.
Laboratory systems as justification for development and deployment of disease control tools
For Streptococcus pneumoniae, decades of laboratory-based surveillance demonstrated that only a handful of serotypes accounted for most of the disease and most of the antibacterial resistance. These data aided the development of conjugate vaccine cocktails that are preventing resistant S. pneumoniae infections, an important cause of childhood illness and death in Africa, and continue to drive vaccine policy worldwide. 42, 43 The application of susceptibility information from laboratories to vaccinology is by no means limited to pneumococci. Until recently, oral antibacterials were the key tool used to control cholera outbreak size. When resistance became commonplace, not only were antibiotics less effective, but use of these drugs in outbreaks increased selective pressure for resistance. It is now acknowledged that while they cost more per dose than most antibacterial medicines, vaccines are the more cost-effective means for preventing pathogen spread in an outbreak and protecting the un-infected from the disease. 44 Vaccines are so effective in this regard that scientists were able to justify building a stockpile of vaccines for use during outbreaks. 45 A vaccine-based approach to outbreak control is particularly valuable in Africa, where the same geographic areas have seen repeated outbreaks in recent years. 46 It is imperative that drawings are only made from the stockpile in the event of an outbreak that is verifiably cholera. Therefore, countries can request vaccines from this life-saving and resistance-averting stockpile only when aetiologic confirmation of cholera is obtained after laboratory testing. 47 What this means is that laboratory systems will improve vaccine access.
Availability of CD4+ counting and viral load testing to Africans living with HIV has been crucial for the appropriate staging of infections and commencement of antiretroviral therapy. Testing will also help to identify antiretroviral resistance promptly, limiting its spread. Assuring effective antiretroviral therapy also prevents the dissemination of particularly problematic clones of opportunistic pathogens, epidemics of which are a matter of concern in Africa. 48, 49 An additional, often unstated benefit of laboratory-supported highly-active antiretroviral therapy programmes is that they relieve pressure from trimethoprim-sulphamethoxazole and other antibacterials that were used to prevent opportunistic infections in AIDS. Prophylactic antibacterials were the main tool used to prolong lives on the continent prior to the 2000s and were most probably selected for resistant bacterial clones and elements that have since narrowed antimicrobial options.
50,51
Objective 4: Optimise the use of antimicrobial medicines
Informed prescribing for life-threatening invasive disease
For some life-threatening human infections, antibacterials must be prescribed as soon as possible after patient presentation, before the results of antibacterial susceptibility testing are available. Cases in point are bacteraemia and meningitis. In these infections, the patient is best served when recent local susceptibility information is available since this is the best way to guide empiric prescribing. When appropriate data are not available, more expensive reserve drugs are overused and/or treatment failures are more common. Even when such data are available, blood or cerebrospinal fluid cultures should still be performed for two key reasons. Firstly, patient-specific culture and susceptibility information allows caregivers to switch to a more appropriate antibacterial than the initial empiric choice. Such changes are most likely to be implemented for in-patients and are most valuable in resource-limited settings. Secondly, performing culture and susceptibility testing, even when empiric treatment is instituted, also accumulates vital information for treating other patients.
Blood and cerebrospinal fluid culture-derived susceptibility data are, for these reasons, among the most valuable types of susceptibility information for clinicians. Indeed, where resource limitations preclude culture and susceptibility testing for all specimens, prioritising blood and cerebrospinal fluid is the most cost-effective alternative. 51, 52 This is true even though blood culture is more tedious and more expensive than urine or stool culture, and more prone to invalid results. High-quality, life-saving blood culture information can be obtained even if automated blood culture machines are not available. 53 Blood culture data can also be disseminated in geographic-specific ways to resistancedata networks (for example, ResistanceMap; http:// resistancemap.cddep.org/). Sadly, many more physicians practising in Africa have access to culture and susceptibility testing for non-emergency samples than for blood.
National and international drug policy
The availability of surveillance data can influence drug-use policy on national and even international levels. In Ghana, antibacterial resistance patterns of Vibrio cholerae isolates were the basis for altering national treatment guidelines and resistance reports from other areas to support the idea that vaccines, rather than antibacterials, should be the mainstay for cholera outbreak control. 54 Similarly, archival resistance data from Nigeria refutes the hypothesis that chloroquine may select for fluoroquinolone-resistant bacteria, making it unnecessary to factor in bacterial resistance in future policy decisions about this antiplasmodial drug. 55 Drug policies that are relevant to resistance include how different agents are used as well as which drugs are selected. More evidence is needed to determine whether antibacterial cycling or combinations might curtail resistance, and to guide drug use in veterinary settings to minimise the threat of resistance evolving in animal as well as human pathogens.
Novel antimicrobial strategies
Evolutionary theory and emerging data suggest that treatments that diminish or clear infections without actually killing bacteria or inhibiting growth may have a lower propensity to be overcome by resistance. Thus, when preclinical candidates that inactivate bacterial toxins or prevent microbial adherence become available, they could have a significant impact on resistance containment. 52, 56, 57 Narrow-spectrum drugs, peptides or even bacteriophages also offer promise because the selective pressure they exert does not extend to a significant proportion of the normal flora. Similar to vaccines and disease prevention tools, antivirulence, bacteriophage and other non-antibiotic therapies rely on precise identification of the aetiologic agent in every infection, before appropriate treatment can be selected and administered.
Objective 5: Develop the economic case for sustainable investment
Antimicrobial resistance is a 'tragedy of the commons': a destructive paradigm created by a cheap, effective and widely-available resource (the antimicrobial drugs themselves), overuse of which incurs few costs for individuals but profound costs to society. 58, 59 A first step in preventing a tragedy of the commons is achieving a recognition of necessity. For antimicrobial resistance, the essential evidence for recognition comes from laboratories. 37 With this evidence, it is possible to compute the losses from drug resistance as well as what might be saved if antimicrobials are conserved. 3, 60, 61 Less extensive economic information is available from African countries but the economic justification for investment in resistance containment, in general, and laboratory contributions, in particular, is illustrated by a case of prolonged febrile illness in a Nigerian child with a history of empiric treatment with amoxicillin, fluoroquinolones and artesunate. 62 When the child did not recover and was referred, blood culture revealed the aetiologic agent in the infection to be an extended-spectrum beta-lactamase-producing Klebsiella pneumoniae strain that was susceptible to imipenem, which cleared the infection. During her six-week illness, chemotherapy and supportive care cost almost $600.00. Only $387 was for the intravenous imipenem/ cilastatin that eventually cleared the infection. Diagnostic testing, including microbiological tests, blood chemistry, radiology that supported this patient and uncovered the extended-spectrum beta-lactamase -producing aetiological agent cost $90.00. 62 Challenges with antimicrobial access are as important to dealing with resistance as those produced by 'excess' in antimicrobial use. Far too many African patients do not have access to antimicrobials at all and/or the best option for treating their infections and minimising the threat of resistance. 63 For those that do have access to some antimicrobials, surveillance data will indicate whether the access is to effective drugs -an important means for containing resistance.
Among the justifications given for inadequate application of laboratory systems for infectious disease management and resistance control are the cost of testing. However, as the Aboderin et al. 62 case demonstrates, multiple empiric courses of antibacterial chemotherapy are costly, and supportive management of patients that are sickened by prolonged infections is even more expensive. Most importantly, in cases such as that, the correct course of therapy, when it is itself expensive, cannot be initiated without diagnostic support. In addition to the high monetary cost of diagnostic insufficiency of these practices, significant disability-adjusted life years are lost when clinicians attempt to manage infections without the necessary information.
Ways forward
Without containing antimicrobial resistance, the Sustainable Development Goals and the Global Health Security Agenda cannot be met. 64 This paper illustrates how laboratories are central to resistance containment and especially focuses on the need for laboratory system strengthening on the African continent where, if nothing changes, 4.15 million people are predicted to be at risk of dying from resistant infections annually by 2050. 65 Healthcare providers need to make better use of existing laboratory services and demand necessary improvements. Robust laboratory systems will actually reduce medicine and care expenses, therefore the perceived high cost of laboratory services should not be a balance to better building and integrating laboratories into the health system. African laboratories need to be better resourced so that they can deliver susceptibility information. This includes equipment, consumable resources and their supply chains, as well as development of the human resources to perform tests, store, curate and disseminate data, and apply these data to human and veterinary medicine and public health. Recent audits indicate that these resources are lacking in many African health systems, as is access to both internal and external quality assurance. 4, 66 Importantly, these are well-recognised needs, with well-known modalities for delivering them. Therefore, these shortfalls can and should be addressed. The data, and their application, also need to be worked into functional surveillance systems. Data from African countries are few and difficult to get, such that programmes that agglomerate data have described localities within the continent as being 'data deserts'. 67 Oases must be built through national surveillance programmes, something that could potentially be done through the WHO's Global Antimicrobial Resistance Surveillance System. 68 Expansion of access to currently-available susceptibility testing methods and techniques is needed, as well as better agglomeration and curation of existing data. For example, Gandra, Merchant and Laxminarayan point out that in low-and middle-income countries, where public-sector laboratories may not be able to perform testing, private-sector laboratories often provide this service. However, data from those laboratories, while useable for patient care, is often inaccessible for public health purposes. 67 Where public sector data are available but largely serve lower-income patients than the private sector, careful laboratory-based surveillance could in fact be a useful pointer to differences in susceptibility rates among patients in different social strata. 69 Connecting susceptibility testing data to patient care and public health is a weak point in many laboratory systems that do provide susceptibility testing. Moving away from notebooks that make data retrieval and agglomeration difficult may be one way to improve connections between susceptibility data generators and other healthcare providers. When electronic systems are introduced, resource-limited health facilities will be better served by free software systems with fewer capabilities than more complex systems requiring expensive subscriptions and difficult-to-access technical support.
In the not-too-distant future, innovation around laboratory testing for resistance and surveillance promises faster diagnostic testing and more responsive surveillance Next generation sequencing is increasingly affordable and can produce aetiologic information and extensive susceptibility profiles in a fraction of the time that is currently used to obtain more limited information by culture and susceptibility. 70 Cost, the major barrier to sequencing, is rapidly dropping, and improved tools that allow scientists without bioinformatics skills to use genome information are being developed. In a few years, genome sequencing should be the method of choice for life-threatening infections, and outbreaks in particular. Similarly, it has been demonstrated that the major capital investments necessary to implement multiplex PCR tests or matrix-assisted laser desorption ionisation time-of-flight in clinical laboratory settings in North America can be offset by savings in medicines and hospital care. 71 The scope and performance of point-of-care tests is improving and advances in nanoscience and microfluidics promise cheaper tests here as well. 33 Better links between African research and clinical laboratories may help move these newer technologies into patient care.
Conclusion
The limited information available suggests that those resistance-containment interventions that draw heavily from laboratory systems -such as infection control and surveillance programmes -when properly implemented, comprise the greatest evidence base for effectiveness. African health systems have a greater proportion of patients with infectious diseases, a greater incentive than others to conserve antimicrobials and therefore the greatest need to prioritise laboratory resources for antimicrobial resistance containment. African laboratories offering diagnostic testing and participating in resistance surveillance will need to be early adopters of some of these technologies, which will ultimately further optimise antimicrobial use and contain costly resistance.
